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VIBRATIONAL FREQUENCIES OF HALOGEN ATOMS

ADSORBED ON SILVER METAL SURFACES

by Henry Nichols and Robert M. Hexter
Department of Chemistry
University of Minnesota
Minneapolis, Minnesota

ABSTRACT

The vibrational frequencies of halogens adsorbed on Ag(100)
are calculated. The frequency of a single adsorbed atom vibration
perpendicular to the surface is obtained from AgX (X = F, C%, Br, I)
crystal frequencies. Interaction between dipoles consisting of the
effective charge on the adsorbed atom and its induced image charge
produces a coverage dependent frequency. The effective charge on
the adsorbed atom is assumed to be 1.0 e, while the electronic polar-

izability of the real-plus-image atom system is assumed to be twice

the electronic polarizability of X . At full coverage, the calculated

frequencies for the k = 0 modes are 437, 241, 150, and 113 cm 1

repectively for X = F, C%, Br, I, which compare well with experimental

values, and these frequencies are assigned to external vibrational

modes of halogen atoms adsorbed on silver.




INTRODUCTION

Enhanced Raman scattering by molecules adsorbed on metal surfaces

has now been reported for a relatively large number of molecules, and

1-16

for a growing number of metals. It appears that Raman scattering

intensities from metal-surface adsorbed molecules can be as much as

5 6

107-10" times greater than that expected from the number of molecules

4,10

on the surface and normal inelastic scattering cross sections. It

is also quite clear that, in order to observe this enhancement of in-

tensity, the metal surface must be roughened,17 and the theoretical

basis for this requirement has been discussed by several authors.la'19
Experimental roughening procedures have included mechanical abrasion
followed by ion sputtering,20 electrochemical cycling,21 photochemical
cycling,17 and controlled vacuum deposition of metal islands.22 In
the case of electrochemical preparations, cycling is not mandatory;
Bergman has used a procedure in which a positive poitential of approx-
imately 0.5V (relative to SCE) is applied to a silver electrode in
aqueous alkali fluoride; the electrode is then removed from solution
while it is still under potentiostatic control.23

Bergman and co-workers have used radiochemical techniques to
determine the amount of CN adsorbed on Ag surfaces.7 They found the
coverage to be on the order of a monolayer. Only in this case is the

6

intensity enhancement by a factor of ~10° firmly established. A

similar study, designed to determine the amount of pyridine adsorbed




on a silver electrode, indicated that this amount corresponded to
10-100 monolayers of pyridine.24 Part of the Raman intensity observed
with adsorbed pyridine may therefore be due to this increased coverage.
Recent experiments carried out by Smardjewski and co-workers in-
dicated that only those molecules immediately adjacent to a silver

20 While these authors

surface exhibit enhanced Raman scattering.
studied pyridine adsorbed on silver in ultrahigh vacuum (UHV), their
apparatus did not have any capability of surface characterization.
However, a more recent investigation by Zwemer, Shank and Rowe, in

which surface characterization by Auger electron spectroscopy (AES)

was carried out on the same system, has demonstrated that the scattered

intensity decreases continuously with the distance from the sur:face.25

19 Whilc there is an

in agreement with the recent thecoretical advancec,
inherert difficulty in the ucc of ACS to deterrine covcrage becausce of
the electron beam-induced damage of adsorbed molecular films, essentiall
the same Raman scattering intensity vs. coverage plots have been obtaine

25

using AES as with a measurement of the change of Ag surface work

function in the low dose region.26

Raman spectra of pyridine adsorbed on silver following electro-
chemical roughening in aqueous KC& solutions manifest a strong band at
~240 cm~l. This band has been attributed by Creighton et al. to the
Ag-N stretching motion of adsorbed pyridine.27 However, Raman spectra
of pyridine adsorbed on silver under UHV conditions are missing this
band.20 Furthermore, this band is observed in the spectrum of light
scattered by a silver surface which has been electrochemically roughened
in a pyridine-free aqueous chloride solution, and other low frequency

1

bands take the place of the one at 240 cm - when the electrolyte is

changed.28 Finally, M-N stretching frequencies in metal amine complexelr

»
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1 region, except for divalent metals.29

generally lie in the 400-500 cm_

Evans, Albrecht, Ullevig and Hexter have characterized a silver
electrode surface before and after electrochemical cycling using sec-
ondary ion mass spectroscopy, Auger electron spectroscopy and scanning
electron microscopy.30 They found that the reformed Ag surface was
quite clean, except for CL contamination, the origin of which was
KC? in the electrochemical solution. The C! was easily removed by ion
sputtering, and it was shown to be contained in a AgCf layer on the
surface.

In the present work, the vibrational frequencies of halogen atoms
adsorbed on Ag(100) are calculated, in order to assess the assignment
of the observed low frequency bands to vibrational motion of these

adsorbed species.

MODEL SYSTEM

LEED studies by Zanazzi and Jona show that C? adsorbed on Ag(100)
surface has a C(2 x 2) structure in which each Cf atom is bonded to
four Ag surface atoms.31 This structure, having one molecule per
two-dimensional unit cell, is used as a model system here for all
adsorbed atoms. Only the symmetric stretching mode perpendicular to
the surface is considered for adsorbed X (X = F, C¢, Br, I), and

the substrate is assumed to be a perfect electrical conductor. Now a

charge located at a distance d above the surface of a perfect electrical

conductor will induce an image charge at a distance d below the surface
32

of the substrate. The image charge will then have the same magnitude,

but opposite sign, as the adsorbed charge and, in addition, the same

e |




I

-—

RORTIBTL 2 e

polarizability.

We have recently presented a molecular dipole model appropriate
for the internal optic modes of surface adsorbed molecules.33 This
model includes the interaction between the dipoles in the adsorbed
layer and the image dipoles in the substrate. The present investi-
gation, which is applied to external optic modes involving motions
of the entire adsorbed species with respect to the surface, assumes
that only one layer of dipoles is present. These dipoles consist of
the real-plus-image charges, and they are treated as point dipoles.

The potential energy of surface adsorbed X is the sum of two
contributions, a static surface field term and a dipolar coupling

34

term. According to Mandel and Mazur, this may be written as

2 -1
2V = ﬁ; %0 9s + H+ £ ({ + %g) X (1)

n an,

where s is an N-dimensional vector of the mass-weighted displacement

coordinates of the N atoms adsorbed on the surface, %g is a diagonal
N

matrix of the squared static surface field frequencies, yis a 3N-
dimensional vector of the dipoles associted with the adsorbed X atoms,

I is a 3N x 3N identity matrix,;%is a 3N x 3N electronic polarizability
N, n,

matrix, and T is a 3N x 3N dipole field propagation tensor with
u

elements

_ 3 . .
TTT. = 1/r S if T # 1

= 0 T # 17

where ro.- is the distance between atoms t and t°. Expanding the

A




dipoles in terms of the coordinates s

R (au/aqs) qg * . . . (2)

and substituting the terms linear in s for y in (1), the potential

energy may be written in quadratic terms as

2 -1 2
2V = g ﬁo 9s * g; % (é + %E) fs (3u/3q) (3)

Translationally symmetrized normal coordinates, Q. are related

to the molecular coordinates, g’ by the transformation
Q=%

where X, = (l/N)% exp[-ik-g(T)], k is the wavevector, and x(1) is

the position vector of unit cell 1. Using the matrix X, the potential
N

energy may then be written as

_ o+ 2 + -1 2
2V = Q @o g +Q § (% + %E) g (au/aqs) (5)
where 5 =XT §°l. The lattice sum matrix, S is block-diagonal in
s [AVIRRA VIRRA V) N

k,but only k = 0 will be considered here. In addition, only the
dipole moment components perpendicular to the surface are considered.

The present treatment is analogous to that presented by Decius for

dipolar coupling in three-dimensional crystals.35
In order to achieve rapid convergence, the two-dimensional lattice

sum may be calculated by the procedure developed by DeWette and

i A e —— _j
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Schacher.36 This procedure requires translational symmetry. At

full coverage, the adsorbed atoms may form a two-dimensional lattice;
however, this probably is not the case at intermediate coverage. One
method of obtaining lattice sums at intermediate coverage is to treat
the adsorbed atoms as though they always form a two-dimensional lat-

tice with a coverage dependent "effective" lattice constant, a(x),

given by

a(x) = a_x
where a, is the full coverage lattice constant and X is the coverage

fraction. The lattice sums at intermediate coverages are then given by
s(x) = x3/2s°

where s° is the full coverage lattice sum. This method has been

used by Schmidt and Gomer,37 Delanaye and co-workers,38 and by Muscat

and Newns.39
A second method of obtaining lattice sums at intermediate

coverage is to multiply the full coverage lattice sum by the coverage

fraction. This method has been used by Mahan and Lucas40 and by

41

Bennett. These two methods were compared by Nichols and Hexter in

an application of a dipolar coupling model to carbon monoxide adsorbed

33 The latter method, in which S(x) = xso, was shown to

on platinum.
be preferable, and it is used here.

The displacement coordinate, qé, is defined here to be the
displacement perpendicular to the surface of the adsorbed atom during

the course of a vibration. The image atom is displaced in the opposite

)
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direction, thereby doubling the charge displacement with respect to
the displacement of the adatom. The dipole moment derivative is then

. ) -~
.);J/Jqs = 2 e'mxl

. where e' is the charge on X after adsorbtion and m

is the mass of X. Substituting xSo for's in (4), the vibrational

frequency of the surface adsorbed X is given by

2
- ]
w2 + xSo (I + axSo) 1 _de'”
o)
4n202m
Cc

where the factor 1/4n202 is included for unit conversion to cm_z.

STATIC SURFACE FIELD FREQUENCY

The vibrational frequency, W, of an adsorbed atom in the absence
of dipolar coupling is not known. If internal optic modes are con-
sidered, such as the C-0 stretching motion of adsorbed CO, then the
surface isolation frequency will be lower than the static surface
field frequency, as a result of the dipolar coupling of the adsorbed
dipole with its own image. In the present treatment, there is only
one layer of dipoles so that the static surface field frequency, W,
is equal to the frequency the adsorbed atom would have in the limit of
dilute coverage. An approximate value of Wg determined from AgX
single crystal frequencies will be used here.

The diatomic frequency, wgqr of an AgX molecule in single crystal
AgX is taken to be that frequency the molecule would have in the
absence of dipolar coupling within the crystal. According to Fox

42

and Hexter, wy is given by




for the face centered cubic structure found for AgF, AgC, AgBr, and

AgIl (phase III). w, is the transverse optic mode frequency in the

t
single crystal, p is magnitude of the transition dipole moment, and
a, is the lattice constant. wyq will be used as an initial starting
frequency for X bonded to only one Ag surface atom.

The quadratic potential energy, Vyr of diatomic AgX is partitioned

into the sum of two contributions, Vk and Ve' That 1is,

vd=vk+ve (7)
where 2
V'-—l-mzz-e
k= 2% 93 _%_

where dq is a mass-weighted diatomic displacement coordinate, b is
the AgX crystal bond distance, and e, is the charge on the X atom in
the crystal. The second term in (7) contains the electrostatic con-
tribution to the vibrational potential energy. Vi then corresponds
to the non-electrostatic, or valence, contribution. Expanding Ve

in terms of 4+ (7) may be expressed in guadratic terms as

o2 o2
_1 2 2  ~o “d
Yk 2% % T 3 (8)

mAgXb

where aAgx is the reduced mass of AgX.

Inclusion of the image charge allows the potential energy, Vs,

of the real-plus-image system to be written as

e'2
Vs = 4Vk + — {9)
24
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where d is the distance of the X atom to the surface. The valence
contribution to the potential energy of diatomic AgX is approximated
here to be the same for each of the four AgX bonds of surface ad-
sorbed X; hence, the factor of 4 in (9). Expanding (9) in terms of

dg- the potential energy may be 2xpressed in quadratic terms as

e? m 2 e'zq2
R IR L
mAgX mx 2mxd

where cos 0 is the angle between an AgX bond and the surface normal.

The static surface field frequency, w_, is then found to be

o
e2 m 2
L}
wz = 8 [l m2 - o ] AgX 00520 + & (11)
° 274 n b3 My m d3
AgX X

APPLICATION TO C%/Ag (100)

Crystalline AgCf has the face centered cubic structure, with four

o
molecules per unit cell and a lattice constant of 5.547 A.43 Jones and

co-workers have reported the Restrall frequency of single crystal AgCt

to be 103 cm-l and the dipole moment derivative to be 51.3 cm3/2 sec‘l.44

Substituting these values into (6) gives the diatomic frequency

wy = 77.1 cm-l. The motion of the atoms in the crystal responsible for

this frequency is primarily the AgCf stretch along the body diagonal

[+ ]
having an equilibrium bond distance, b = 4.80 A. This value of b and

the effective charge, e, = 0.71 e, reported by Jones and co-workers44

for C% in crystal AgC% is substituted into (8) to give Vk = 2304 qg.
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The adsorbed Cf% is assumed to form four equivalent bonds with
the surface Ag atoms with a bond distance of 2.77 R, identical to
that found in single crystal AgCf. The angle between an AgCf bond
and the surface normal is then 47.3°. Since the distance of the C%
nucleus to the surface is not known, the C% atom is assumed to be a

2 45

sphere with a radius equal to its ionic radius. 1.8 A, in contact

(o]
with the surface. The value of 4 in (11) is then 1.8 A, thus pro-

ducing a static surface field frequency of 159 cm'-l with an effective
charge of e' = 1.0 e.
o
Jaswal and Sharma reported 2.85 A3 as the electronic polariza-

46 Twice this value is used here for the electronic

bility of C% .
polarizability of the real-plus-image atom system. Fig. 1 shows the
calculated frequency vs. coverage curve for the C{/Ag(100) system,

using (5). At full coverage, the calculated frequency is 241 cm-l.

APPLICATION TO Br/Ag (100)

The lattice constant of the face-centered-cubic AgBr crystal is

5.775 A.43 Jones and co—workers44 reported the Restrall frequency

1

as 80.1 cm - and the effective charge on Br as e, = 0.71 e, which

3/2 gec”l. the diatomic

gives a dipole moment derivative of 38.5 cm
- [+]
frequency is then wg = 59.3 cm 1 using (6). Taking b = 5.00 A,

0 = 44.8°, and e' = 1.0 e, the static surface field frequency is
1

100 cm ~. The electronic radius of Br and the electroric polarizabilit:

are 1.95 A3 45

° 4
and 4.09 A,'6 respectively. Application of (5) gives
the frequency vs. coverage curve shown in Fig. 1. A broad band

centered at 170 - 176 cm~} has been observed by Pemble when KBr is
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used as the electrolyte for electrochemical roughening of a silver

28

surface. The full coverage frequency is calculated here to be

150 cm L.

APPLICATICN TO F/Ag (100)

AgF crystallizes in the fac2-centered-cubic lattice with a

47

o
lattice constant of 4.936 A reported by Bottger and Geddes. In

an infrared study of AgF films, these authors also reported the

1

transverse optic mode frequency as 170 cm © and, in addition, the

effective charge on the F ions was determined to be 0.89 e. The

diatomic frequency is then wq = 130 cm-l. Using 6 = 55.6° and an

o
ionic radius of 1.33 A,45 the static surface field frequency is
316.8 cm L. The polarizability of F~, a_,- = 0.858 a3, gives a full

F
coverage frequency of 437 cm-l. Fig. 1 shows the frequency vs.

coverage curve predicted by (5). Since AgF is water soluble, electro-
chemical roughening of Ag in agueous KF does not yield an adsorbed

fluorine layer.

APPLICATION TO I/Ag (100)

Agl has six different crystal structures. The phase diagram shows
that there are two structures stable at 25° C and one atomosphere.48
These are the hexagonal wurtzite structure, AgI (II), and a cubic

zincblende form, AgI (II'). At 25° C and a pressure of +4 Kb, a

face-centered~cubic form, Agl (II1I), is stable. Jacobs reported a

-]
lattice constant of 6.06 A for Agl (111) .49  Hanson et al. reported
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Raman spectra of several phases of AgI, and assigned the LO frequency

1

as 105 + 10 cm — for AgI (III). Using the Lyddane-Sachs-Teller re-

lationship and the optical constants reported by Bottger and Geddes,

the TO frequency is expected to be 88 cm-l. These same authors give

e, = 0.61 e as the effective charge on I. These values give a diatomic
[«]
frequency of 63.1 cm 1 for Agl. Using the ionic radius of I , 2.15 A,
-] [-]
the electronic polarizability o _- = 6.45 A3, 8 = 42 , and e' = 1.0 e,

I
the static surface field frequency is found from (11) to be 82 cm-l.
The full coverage of frequency determined from (5) is 113 cm-l, which
agrees favorably with the band at 110 cm-l observed by Pemble when

the silver surface is electrochemically roughened in agqueous KI.

Fig. 1 gives the frequency vs. coverage curve for this system.
DISCUSSION

There have been several approximations used in the calculated
frequency vs. coverage curves. These are:
1. The silver substrate is treated as a perfect electrical con-
ductor with an "effective surface" located below the adsorbed
nucleus at a distance equal to the ionic radius of X . Schmidt
and Gomer increased the distance of the adsorbed atom to the
surface in order to account for the dipole moment implied by the
decrease in the work function of tungsten observed when potassium

is adsorbed on tungsten.37

In this case, the dipole moment arises
from the charge on the adsorbed atom and its classical image charge
The change in the work function is then attributed to this layer

of dipoles. Gomer and Swanson then assumed that classical image

theory is valid if the surface is recessed by an amount equal to




52

the Fermi-Thomas screening length of the metal. Newns has

shown that this procedure is an approximation for the linear-
ized Fermi-Thomas theory.53 In light of the estimates of
parameters used in this work, it does not seem productive to
pursue more accurate atom-surface distances.

2. The electronic polarizability, o, of the real-plus-image
atom is twice the electronic polarizability of X . If this
value is decreased, the dipolar shift term in (5) will in-
crease so that the frequency of the adsorbed atoms will be
greater at full coyverage.

3. The effective charge, e', on the atom after adsorption

is 1.0 e. If the true effective charge is less than the 1.0 e
used here, the calculated static surface field frequency,mo,
would be smaller. The effective charge is also a factor in the
dipolar coupling term in (11), leading to a further decrease in
the calculated full coverage frequency with decreasing e'.

4. The static field frequency, We v depends upon the valence
potential energy, Vk, of the Ag-X surface bonds, and Vk has
been approximated to be the same as that associated with the
stretching mode of diatomic AgX along the body diagonal of single
AgX. In addition, Vk is assumed to be the same for each of the
Ag-X surface bonds. The validity of this approximation is diffi-
cult to ascertain.

5. The reduced mass associated with the vibration of a surface
adsorbed atom should be very nearly the mass of the adsorbed
atom, Using the mass of the adsorbed atom, as was done here,

assumes that the surface silver atoms move in conjunction with

" eassccetinssiiostiitiiiisteimaicamniisit e tainteantions, s uinud —-J
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the bulk substrate. This approximation should be more valid

for the less massive adatoms, F and C%, than for Br and I,

whose masses are comparable to that of an Ag atom. Both W
and the calculated full coverage frequency would be greater

if the reduced mass were less than the mass of the adatom.

There are only three parameters, W e', and o, in (5) which
relate the vibrational frecuency of the adsorbed atoms to the coverage.
It is instructive io exauiine th- effect of errors in each of these
parameters on the full coverar~ frequency calculated from (5). If
“o is assigned an error of + 10%, then the full coverage frequencies

1, respectively for

are 437 + 23, 241 + 11, 150 + 7, and 113 + 6 cm_
X =F, Ct, Br, I. An error of + 10% in e' yields the full coverage
frequencies 437 + 21, 241 + 14, 150 + 8, and 113 + 5 cm-l, respectively
for X = F, C4, Br, I. A + 10% error in a gives 437 + 2, 241 + 3,

150 + 2, and 113 + 2 cm-l, respectively for X = F, C¢, Br, I.

The calculated frequencies of 241 and 113 cm'l, respectively, for

C?/Ag(100) and 1/Ag(100) at full coverage, are very close to the fre-

quencies of 240 cm !

27

found in Raman studies where KC{% was used as an

1 28

electrolyte and the frequency of 110 cm

attributed to I/Ag. The

calculated full coverage frequency of Br/Ag(100) is 20 cm-l lower

1, of adsorbed Br.28 AgF is soluble

than the observed frequency, 170 cm
so that an experimental frequency is unavailable. While the frequencies
determined here should be viewed as approximate, they do indicate that
the assignment of the observed low frequency modes to adsorbed halogens
is completely reasonable. Raman spectra of CO and CN adsorbed on Ag

54,6

manifest strong lines at 150 and 226 cm >, respectively, which

are probably also due to the same kinds of external modes we have
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modeled in the present investigation. Taken together with the re-

sults of the surface characterization studies.3° the assignment of

the observed low frequencies to such external modes is quite definite.
ACKNOWLEDGEMENT

This research was supported in part by the Office of Naval Research

and the U. S. Army Research Office.




1.

lo.

11.

12.

13.
14.

15.

l6.

17.

18.

19.

REFERENCES

M. Fleischmann, P. J. Hendra, and A. J. McQuillan, Chem. Phys.
Lett. 26, 163 (1974).

D. L. Jeanmaire and R. P. Van Duyne, J. Electrocanal. Chem. 84,
1 (1977).

J. Billmann, G. Kovacs, and A. Otto, Surf. Sci. 92, 153 (1980).
B. Pettiner and U. Wenning, Chem. Phys. Lett. 56, 253 (1978).
T. E. Furtak, Solid State Commun. 28, 903 (1978).

J. G. Bergman, J. P. Heritage, A. Pinczuk, J. M. Worlock, and
J. H. McFee, Chem. Phys. Lett. 68, 412 (1979).

B. Pettinger, U. Wenning, and H. Wetzel, Chem. Phys. Lett. 67,
192 (1979).

C. S. Allen and R. P. Van Duyne, Chem. Phys. Lett. 63, 455 (1979).
R. M. Hexter and M. G. Albrecht, Spectrochim. Acta 35A, 233 (1979).

A. Girlando, J. G. Gordon 1I, D. Jeitman, M. R. Philpott, H. Seki
and J. D. Swalen, submitted to Surface Science.

G. R. Erdheim, R. L. Birke and J. R. Lombardi, Chem. Phys. Lett.
69, 495 (1980).

E. Koglin, J. M. Sequaris and P. Valenta, J. Mol. Struc. 60,
421 (1980).

M. Moskovits and D. P. Di Lella, private communication.

U. Wenning, B. Pettinger and H. Wetzel, Chem. Phys. Lett. 70,
49 (1980).

T. H. Wood and M. V. Klein, Bull. Am. Phys. Soc. 25, 424 (1980).

A. V. Bobrov, Ja. M. Kimel'fel'd, and L.. M . Mostovaya,
J. Mol. Struc. 60, 431 (1980).

J. E. Rowe, C. V. Shank, D. A. Zwemer and C. A. Murray, Phys.
Rev. Lett. 44, 1770 (1980).

D. -S. Wang, H. Chew and M. Kerker, Applied Optics, (to be
published).

S. L. McCall, P. M. Platzman and P. A, Wolff, submitted to
Physics Letters A.

— — — 1




18 ‘
|
i

|

-17-

20. R. R. Smardzewski, R. J. Colton, and J. S. Murday, Chem. Phys.
Lett. 68, 53 (1979).

21. M. G. Albrecht and J. A. Creighton, Electrochimica Acta, 23,

1103 (1978).

22. A. M. Glass, P. F. Liao, J. G. Bergman and D. H. Olson,
Optics Letters (to be published).

23. J. G. Bergman, private communication.

24. . Blondeau, M. Froment, J. Zerbino, N. Jaffrezic-Renault, and

G
G. Revel, J. Electroanal. Chem. 105, 409 (1979).

25. D. A. Zwemer, C. V. Shank and J. E. Rowe, submitted to
Chem. Phys. Lett.

26. G. L. Eesley, submitted to Phys. Rev. Lett.

27. J. A. Creighton, G. M. Albrecht, R. E. Hester, and J. A. D. Matthew,
Chem. Phys, Lett. 55, 55 (1978).

2. M. M. E. Pemble, private communication.

29. D. M. Adams, "Metal-Ligand and Related Vibrations," Edward Arnold,
Ltd., London (1967), pp. 274-5.

30. J. F. Evans, M. G. Albrecht, D. M. Ullevig, and R. M. Hexter,
J. Electroanal. Chem. 106, 209 (1980).

31. E. Zanazzi and F. Jona, Phys. Rev. B 14, 432 (1976).

32. J. D. Jackson, Classical Electrodynamics, John Wiley & Sons,
New York (1962).

33. H. Nichols and R. M. Hexter, accepted by J. Chem. Phys.

- -

34, M. Mandel and P. Mazur, Physica 24, 116 (1958).

35. J. C. Decius, J. Chem. Phys. 49, 1387 (1968).

36. II. W. DeWette and G. E. Schacher, Phys. Rev. 137, A78 (1965).
37. L. D. Schmidt and R. Gomer, J. Chem. Phys. 45, 1605 (1966).

38. F. Delanaye, A. A. Lucas, and G. D. Mahan, Proc. 7th Intern.
Vac. Congr. and 3rd Intern. Conf. Solid Surfaces (Vienna 1977).

39. J. P. Muscat and D. M. Newns, J- Phys. C 7, 2630 (1974).
40. G. D. Mahan and A. A. Lucas, J. Chem. Phys. 68, 1344 (1978).

41. A. J. Bennett, J. Chem. Phys. 49, 1340 (1968).




42.

43.

44.

45.

46 .

47.
48.
49.

50.

51.
52.
53.

54.

-18-

D. Fox and R. M. Hexter, J. Chem. Phys. 41, 1125 (1964).

R. W. G. Wyckoff, Crystal Structures, 2nd edition, Vol. 1.
Interscience Publishers, New York (1963).

F. O. Jones, D. H. Martin, R. A. Mawer, and C. H. Perry,
Proc. Roy. Soc. London, A261, 10 (1961).

A. F. Wells, Structural Inorganic Chemistry, 4th edition,
Clarendon Press, Oxford (1975).

S. S§. Jaswal and T. P. Sharma, J. Phys. Chem. Solids 34.
509 (1973).

G. L. Bottger and A. L. Geddes, J. Chem. Phys. 56, 3735 (1972).
G. L. Davis and L. H. Adams, Science 146, 519 (1964).
R. B. Jacobs, Phys. Rev. 54, 325 (1938).

R. C. Hanson, R. A. Fjeldly, and H. D. Hochheimer, Phys. Stat.
Sol. B 70, 567 (1975).

G. L. Bottger and A. L. Geddes, J. Chem. Phys. 46, 3000 (1967)
R. Gomer and L. W. Swanson, J. Chem. Phys. 38, 1613 (1963).
D. M. Newns, J. Chem. Phys. 50, 4572 (1969).

T. H. Wood and M. V. Klein, J. Vac. Sci. Technol. 16, 459 (1979).




-~

Figure 1.

Calculated frequency vs. coverage curves for X/Ag(100).
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